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The Knight shift of 71Ga nuclei is measured in two different electron-doped multiple quantum well
samples using optically pumped NMR. These data are the first direct measurements of the electron
spin polarization, P(ν, T ) ≡ 〈Sz(ν,T )〉
max〈Sz〉
, near ν= 1
3
. The P(T ) data at ν= 1
3
probe the neutral spin-
flip excitations of a fractional quantum Hall ferromagnet. In addition, the saturated P(ν) drops
on either side of ν= 1
3
, even in a Btot=12 Tesla field. The observed depolarization is quite small,
consistent with an average of ∼ 0.1 spin-flips per quasihole (or quasiparticle), a value which does
not appear to be explicable by the current theoretical understanding of the FQHE near ν= 1
3
.
PACS numbers: 73.20.Dx, 73.20.Mf, 73.40.Hm, 76.60.-k
The electron spin played no role in the earliest the-
ory [1] of the fractional quantum Hall effect (FQHE)
[2], where the Zeeman energy EZ ≡ g
∗µeBtot was as-
sumed to be infinite. However, for a two-dimensional
electron system (2DES) in GaAs, EZ is only ∼
1
70 of the
electron-electron Coulomb energy EC ≡ e
2/ǫ lB ∼ 160K
at 10 Tesla, raising the possibility that interactions can
lead to quantum Hall states with non-trivial spin configu-
rations [3]. This idea underlies the recent theoretical pre-
dictions [4,5] that the charged excitations of the ν=1 in-
teger quantum Hall ground state are novel spin-textures
called skyrmions, with experimentally observable conse-
quences [6–9] (Here ν≡n/nB, where n is the number of
electrons per unit area, and nB = eB/hc≡ 1/2πl
2
B is the
number of states per unit area in each Landau level).
The spin physics near fractional ν should be even more
interesting, since it is the interactions that give rise to
the FQHE [10–12].
In this Letter, we report optically pumped nuclear
magnetic resonance (OPNMR) [13] studies of the Knight
Shift KS of
71Ga nuclei in two different electron-doped
multiple quantum well (MQW) samples. The KS data
are the first direct observations of the spin polarization
P(ν, T ) ≡ 〈Sz(ν,T )〉max〈Sz〉 of a 2DES near ν=
1
3 . These ther-
modynamic measurements provide new insights into the
physics of this important FQHE ground state.
Both of the MQW samples in this study were grown
by molecular beam epitaxy on semi-insulating GaAs(001)
substrates. Sample 40W contains forty 300 A˚ wide GaAs
wells separated by 3600 A˚ wide Al0.1Ga0.9As barriers.
Sample 10W contains ten 260 A˚ wide wells separated
by 3120 A˚ wide barriers. Silicon delta-doping spikes lo-
cated in the center of each barrier provide the electrons
that are confined in each GaAs well at low tempera-
tures, producing 2DES with very high mobility (µ >
1.4×106 cm2/Vs). This MQW structure also results in a
2D electron density that is unusually insensitive to light,
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FIG. 1. Solid lines: 71Ga OPNMR spectra of sample 10W
at ν= 1
3
, taken at θ=36.8◦ in Btot =12T (fo=155.93 MHz).
The dashed lines are fits, described in the text.
and extremely uniform from well to well [14]. The low
temperature (0.29K <T < 20K) OPNMRmeasurements
described below were performed using either a sorption-
pumped 3He cryostat or a 4He bucket dewar, in fields up
to 12 Tesla. The samples, about 4× 6mm2 in size, were
in direct contact with helium, mounted on the platform
of a rotator assembly in the NMR probe. Data were ac-
quired using the previously described [6,7] OPNMR tim-
ing sequence: SAT–τL–τD–DET, modified for use below
1 Kelvin (e.g., τD ∼ 40 s, laser power ∼ 10 mW/cm
2,
low rf voltage levels). A calibrated RuO2 thermometer,
in good thermal contact with the sample, was used to
record the temperature during signal acquisition.
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FIG. 2. KS(ν) near ν=1 at T=1.5 K. (a) Samples 40W
(filled symbols, three separate runs) and 10W (open symbols)
at Btot=3.6263 T. (b) 40W at Btot=3.2589 T. The densities
are n40W =6.69× 10
10 cm−2 and n10W =7.75× 10
10 cm−2.
Fig. 1 shows OPNMR spectra (solid lines) over a range
of temperatures at ν= 13 . Nuclei within the quantum wells
are coupled to the spins of the 2DES via the isotropic
Fermi contact interaction [15]. The corresponding well
resonance (labeled “W”) is shifted and broadened rela-
tive to the signal from the barriers (“B”) [6,7]. We define
KS to be the peak-to-peak splitting between “W” and
“B”. The spectra at ν= 13 are well described by a simple
two-parameter fit [16] (Fig. 1, dashed lines):
I(f) = IB + IW = aB g(f) +
∫ KSint
0
df ′g( f−f ′ )
√
f ′
KSint − f
′
,
where g(f) is a 3.5 kHz FWHM Gaussian due to
the nuclear spin-spin coupling [15]. The amplitude
of the barrier signal, aB, which depends on the OP-
NMR parameters, was suppressed for small KS spec-
tra. The other parameter of the fit, the intrinsic hy-
perfine shift of nuclei in the center of each quantum
well is KSint=Ac P n/w, where w is the width of the
well and Ac is the hyperfine constant. KSint can be
derived from KS (both in kHz) using the empirical re-
lation KSint=KS+1.1×(1−exp(−KS/2.0)). A compar-
ison of KSint(T→ 0) in three different samples yields
Ac=(4.5±0.2)× 10
−13 cm3/s, which makes KSint an ab-
solute measure of the electron spin polarization. An im-
plicit assumption in this model is that the well lineshape
is “motionally narrowed” [15]. This requires that the re-
versed spins (e.g. thermally excited spin waves) are delo-
calized, so that 〈Sz(ν, T )〉, averaged over the NMR time
scale (∼ 40µsec), appears spatially homogeneous.
Using the rotator assembly, we could vary the an-
gle θ (−60◦<θ<60◦) between the sample’s growth axis
and the applied field Btot, thus changing the filling fac-
tor ν=nhc/eB⊥ in situ (here B⊥≡Btotcos θ). Fig. 2
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FIG. 3. Temperature dependence of (a) KS and (b) P
for samples 10W (open symbols) and 40W (filled symbols)
at ν= 1
3
(with Btot =12Tesla, θ40W=46.4
◦, and θ10W=36.8
◦).
Dashed line is P∗(T ), defined in the text. Insets show the
saturation region (note the error bar).
shows KS measurements in the two samples near ν=1.
The excellent agreement between positive θ (squares)
and negative θ (circles) data is consistent with the ro-
tator accuracy of ±0.1◦. We infer the densities n
from these measurements assuming that KS(θ) peaks
at ν=1, hence determining n40W=6.69× 10
10 cm−2 and
n10W=7.75× 10
10 cm−2, consistent with low-field mag-
netotransport characterization of the wafers. These val-
ues are very robust, as the four independent runs shown
in Fig. 2 for sample 40W reproduce n to within ±0.5%.
Note that the sharp peak in KS at ν=1 is quite
similar to the “skyrmion feature” previously observed
in a higher density sample at stronger Btot [6]. The
“size” of the skyrmion inferred from Fig. 2 (S˜=A˜=3.1 for
Btot∼ 3.5T) is slightly larger than before (S˜=A˜=2.6 for
Btot∼ 7T) [17], in qualitative agreement with the change
in EZ/EC [4,5]. However, a quantitative comparison to
the skyrmion model will require data below 1.5 Kelvin,
since P(ν=1) is only ∼ 80% in Fig. 2.
Using the electron densities calculated above, we
tilt each sample by the angle θ necessary to achieve
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FIG. 4. Dependence of KS on filling factor at fixed temper-
ature. Open circles: sample 10W at T=0.77K, filled circles:
sample 40W at T=0.46K; open and filled diamonds: 10W
and 40W at T=1.5K, respectively. Solid and dashed lines are
described in the text.
ν= 13 in Btot=12Tesla (where θ40W=46.4
◦, θ10W=36.8
◦).
Fig. 3(a) shows KS as a function of temperature at ν=
1
3 .
Two different symbols are used for the 40W data, cor-
responding to independent cool-downs from room tem-
perature, which demonstrates the reproducibility of the
data. The inset shows that KS saturates for both sam-
ples at low temperatures, as previously seen at ν=1
[6]. In Fig. 3(b) we plot the corresponding tempera-
ture dependence of the electron spin polarization, us-
ing P(ν= 13 , T )=
KSint(T )
KSint(T→0)
. The resulting curves are
almost identical for the two samples. The subtle differ-
ences that remain might be due to a slightly higher spin
stiffness [18] for sample 10W.
The P(ν= 13 , T ) data in Fig. 3(b) probe the neutral
spin-flip excitations of a fractional quantum Hall fer-
romagnet. For comparison, the dashed line is the po-
larization P∗(T ) calculated for non-interacting electrons
at ν=1, where P∗(T )=tanh(EZ/4kBT ), Btot=12T, and
g∗=−0.44. Both P(ν=1, T ) [6,19] and P(ν= 13 , T ) sat-
urate at higher temperatures than P∗(T ), however, the
data at ν= 13 lie much closer to this P
∗(T ) limit. Fit-
ting tanh(∆/4kBT ) to the saturation region of the data,
we find ∆≈ 2EZ at ν=
1
3 , as opposed to ∆≈ 10EZ at
ν=1 [6]. We also note that the 40W data set is very
well described by ∆=1.82EZ over the entire tempera-
ture range, in sharp contrast to the behavior at ν=1.
These results are consistent with the spin stiffness being
much less at ν= 13 than at ν=1 [18]. While a recent nu-
merical result [20] is in qualitative agreement with the
data in Fig. 3(b), it remains to be seen whether other
theoretical approaches, such as those used at ν=1 [21],
can be modified to explain these data.
The Knight shift was also measured at fixed tempera-
ture as a function of sample tilt angle, with Btot=12 T.
Fig. 4(a) shows KS(ν) near ν=
1
3 for sample 10W at
T=0.77K, and for sample 40W at T=0.46K. By these
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FIG. 5. Dependence of P on filling factor at fixed tempera-
ture. (a) 10W at T=0.77K (open circles); Eq. (1) with νo=
1
3
for: A˜=S˜=0 (dashed line), A˜=0.085 and S˜=0.15 (solid line),
and A˜=S˜=1 (dash-dotted line). (b) 40W at T=0.46K (filled
circles); Eq. (1) with νo=
1
3
, A˜=0.053 and S˜=0.10 (solid line).
ν ↓ \ T→ 1.5 K 0.9 K 0.7 K 0.5 K 0.3 K
1/3 0 % 4 % 4 % 3 % 5 %
0.29 2 % 12 % 20 % 36 % 32 %
0.27 12 % 21 % 45 % 69 % 53 %
TABLE I. The percentage increase of the well linewidth for
sample 10W, relative to the value of 5.2 kHz at T=1.5 K and
ν= 1
3
.
low temperatures, KS(ν=
1
3 ) has essentially saturated for
both samples. The data in Fig. 4(a) show that KS(ν)
drops on either side of ν= 13 , a result that is reminiscent
of earlier measurements near ν=1 [6]. The KS(ν∼
1
3 ) fea-
ture is distinctly “sharper” for sample 10W as opposed
to sample 40W. This difference between the samples is
not an artifact of the temperatures plotted, as Fig. 4(b)
shows that the distinction is already present by T=1.5K.
In order to measure KS(ν) this accurately, we took into
account the extrinsic tilt-angle dependence of the barrier
frequency (Fig. 4(b), solid and dashed curves) caused by
a paramagnetic rotation stage.
The KS(ν) data shown in Fig. 4(a) are converted to
the corresponding electron spin polarization P(ν) ≡
KSint(ν)
KSint(ν=1/3)
, and are plotted in Fig. 5. The polarization of
both samples decreases as ν is varied away from 13 , despite
the presence of the 12T field! Perhaps even more remark-
ably, P(ν) decreases monotonically as ν is lowered below
1
3 over the observed range (
δν
1/3 ∼ −30%). This strongly
suggests that the charged quasiparticles and quasiholes
of the ν= 13 ground state involve electron spin flips.
A second, independent measurement provides further
evidence for the presence of reversed spins below ν= 13 .
While the high temperature spectra are “motionally nar-
rowed” [15], Table I shows that the well lineshape broad-
ens dramatically at low temperatures below ν= 13 . This
3
change in the lineshape indicates that the time-averaged
〈Sz〉 is no longer spatially homogeneous. The inhomo-
geneity requires the existence of spin-reversed regions,
that become localized over the NMR time scale as the
temperature is lowered below ∼0.5K (∼0.3K) for sam-
ple 10W (40W) [16]. In order to avoid the complication
of a spatially inhomogeneous 〈Sz〉, the data presented
in Fig. 5 were taken at temperatures that were just low
enough to saturate KS(T ) at ν=
1
3 .
To quantify the rate of depolarization in Fig. 5, we ex-
tend a simple model previously used near ν=1 [6]. Our
model parametrizes the effect of interactions in the neigh-
borhood of a ferromagnetic filling factor νo<1. We as-
sume that adding a quasiparticle (or quasihole) to the
ground state causes S˜ (or A˜) electron spins to flip [17].
Within this model, the electron spin polarization is:
P(ν) = 1 + 2
(1
ν
−
1
νo
)(
S˜ Θ(ν−νo)− A˜Θ(νo−ν)
)
, (1)
where Θ(x) ≡ { 1, x≥0; and 0, x<0 }. Using Eq. (1) to
fit the data near νo=
1
3 (solid lines), we find:
10W: A˜ = 0.085± 0.005, S˜ = 0.15± 0.04
40W: A˜ = 0.053± 0.008, S˜ = 0.10± 0.03.
For comparison, the earliest theory [1,11] of the ν= 13
ground state assumed spin-polarized quasiparticles and
quasiholes, i.e., S˜=A˜=0 (Fig. 5, dashed line). Sub-
sequent calculations [10] considered the possibility of
spin-reversed quasiparticles and quasiholes, i.e., S˜=A˜=1
(Fig. 5, dash-dotted line). However, both the early calcu-
lations and the more recent studies of skyrmion excita-
tions near ν= 13 [22,23] suggest S˜=A˜=0 for strong mag-
netic fields. On the other hand, our small, non-zero val-
ues are within the bounds set by transport measurements
at ambient [24] and high [25] pressures.
A much more difficult feature to understand is the fact
that our measured values are fractional (S˜ ∼ A˜∼ 0.1),
since the magnetic field should make 〈Sz〉 a good quan-
tum number for the N particle system [10]. Of course,
our experiment does not have the resolution to see the
effect of adding a single quasiparticle to the ν= 13 ground
state, thus these values for S˜ and A˜ are the average
numbers of flipped spins per quasiparticle and quasihole.
Nevertheless, Eq. (1), which assumes that all quasiholes
(or quasiparticles) behave in exactly the same way, does
a remarkably good job fitting our data over the range
(0.23<ν<0.36). This model is expected to break down
outside the “dilute” quasiparticle limit (i.e., when ν gets
“too far” from 13 ), since S˜ and A˜ are independent of ν.
Surprisingly, the above fit actually passes through ν= 27
without modification. High field magnetotransport mea-
surements on samples taken from the same wafer as 10W
show much more structure, with well-developed minima
in ρxx at ν=
1
3 ,
2
5 ,
2
7 , and
1
5 at T =300 mK [14,26].
The possible explanations of these values (S˜ ∼ A˜∼ 0.1)
are constrained by many different aspects of the data.
For example, the values of S˜ and A˜ do not appear to
change up to T=1.5 K. Furthermore, the motional nar-
rowing of the NMR line requires that the time-averaged
electron spin polarization is spatially uniform for all ν.
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